Abstract. Group B Streptococcus (GBS) is a major etiologic agent of neonatal bacterial infections and is the most common cause of sepsis and pneumonia in newborns. Surface and secreted molecules of GBS are often essential virulence factors which are involved in the adherence of the bacteria to host cells or are required to suppress the defense mechanisms of hosts. We analyzed the peptidase profiles of GBS by detection of proteolytic activities on SDS-PAGE containing copolymerized gelatin as substrate. Based on the inhibition by o-phenathroline and EGTA, three distinct peptidases of 220, 200 and 180 kDa were identified in the culture medium, besides one major cell-associated proteolytic activity, a 200-kDa metallopeptidase, suggesting that all were zincmetallopeptidases. GBS culture supernatants, rich in metallotype peptidases, also cleaved fibronectin, laminin, type IV collagen, fibrinogen and albumin. Cleavage of the host extracellular matrix by GBS may be a relevant factor in the process of bacterial dissemination and/or invasion. Notably, metallopeptidase inhibitors strongly blocked GBS growth as well as its interaction with human cell lineages. Understanding the contribution of peptidases to the pathogenesis of GBS disease may broaden our perception of how this significant pathogen causes severe infections in newborn infants.
Introduction
Group B Streptococcus (GBS) is a major cause of serious neonatal bacterial infections and is the most common cause of sepsis and pneumonia in newborns (1) . GBS is also a significant cause of postpartum endometritis. In addition, data implicate GBS as an increasingly important cause of invasive infections in adults, especially among immuno-compromised individuals (2) . GBS has evolved a diverse array of mechanisms to fight the innate immune system, which is important as the first line of defense against bacterial infections in nonimmune hosts (3) .
GBS produces a number of extracellular enzymes, several of which interact with the host immune system. These interactions are thought to be important for the host-microorganism interplay and for the development of disease. These enzymes directly or indirectly modulate the activity of defense molecules such as immunoglobulins, complement factors, or other inflammatory mediators, as well as cleave the extracellular matrix components allowing bacteria to disseminate (4) .
It is well known that bacterial dissemination from a local site into the systemic circulation is greatly enhanced by bacterial proteolytic enzymes. In this context, studies have correlated the incidence of early-onset neonatal disease as well as premature rupture of membranes with heavy GBS colonization of the vagina, cervix and urine of pregnant women (5, 6) . The degradation of amniotic collagen fibrils in the presence of GBS may be an important factor contributing to bacterial invasion (7) . GBS adherence to and migration through the chorioamniotic membranes have been shown in vitro. Disruption of the collagen fibrils of the amniotic membrane was found in the presence of a GBS isolate from the placenta of a septic neonate, following the premature rupture of membranes (8) . Degradation of a collagenous substrate by crude GBS cell lysate was demonstrated by using a synthetic peptide (2-furanacryloyl-Leu-Gly-Pro-Ala), which mimics the primary structure of collagen and gelatin (denatured collagen) zymograms, and also by blocking the collagenase proteolytic activity with inhibitors and by anticlostridial collagenase antibody (9, 10) . Human GBS isolates produce a highly conserved cell wall protein (C5a peptidase; 120 kDa) that specifically inactivates C5a. This proteolysis abolishes C5a-induced recruitment of polymorphonuclear neutrophils to the site of infection and binds to fibronectin and promotes invasion of epithelial cells by GBS (11, 12) .
The aim of the present study was to characterize cellassociated and secreted peptidases in a clinical isolate of GBS (serotype III isolated from cerebrospinal fluid) and to test its ability for hydrolyzing different protein substrates. In addition, we assessed the effect of metallopeptidase inhibitors on the growth and on the adhesion of GBS to human umbilical vein endothelial and human epithelial pulmonary cells. Finally, we tested the ability of two additional GBS clinical isolates belonging to serotype III and V in producing peptidases.
Materials and methods
Chemicals. Reagents used in electrophoresis and buffer components were purchased from Amersham/GE Life Science (São Paulo, SP, Brazil). Brain heart infusion medium (BHI) was obtained from Difco Laboratories (Detroit, MI, USA). Blood agar base (BAB) was purchased from Oxoid (Basingstoke, Hampshire, UK). The proteolytic inhibitors [o-phenanthroline (PHEN), ethylenediaminetetraacetic acid (EDTA), ethylene glycol-bis (ß-aminoethyl ether) (EGTA), trans-epoxysuccinyl L-leucylamido-(4-guanidino) butane (E-64), phenylmethylsulphonyl fluoride (PMSF) and pepstatin A], the proteinaceous substrates [gelatin, bovine serum albumin (BSA), fibronectin, laminin, type IV collagen and fibrinogen], M199 medium, collagenase IV, dithiothreitol (DTT), all the antibiotics and dimethylsulfoxide (DMSO) were obtained from Sigma Chemical Co. (St. Louis, MO, USA). Fetal calf serum (FCS) and DMEM were purchased from Gibco BRL (Gaithersburg, MD, USA). All other reagents were of analytical grade.
Bacterial strains and growth conditions. GBS strain 90356 (serotype III), partially investigated for its adhesive properties (13) , was used throughout this study (Table I) . The strain obtained from The Culture Collection of the Laboratório de Cocos Patogênicos (Departamento de Microbiologia Médica, Instituto de Microbiologia Prof. Paulo de Góes, Universidade Federal do Rio de Janeiro, Brazil) was identified as group B and serotyped as described previously (14) . Two additional clinical isolates were used to demonstrate that the proteolytic activity was a common feature of the GBS species (Table I) . Microorganisms were stored after lyophilization and recovered in BHI broth. GBS strains were grown in Erlenmeyer flasks containing 200 ml of two distinct media: BHI and M199 for 16 to 18 h at 37˚C.
Bacterial cellular extracts. GBS cultures, grown in BHI or M199, were centrifuged (4000 x g, 10 min, 4˚C) and washed three times in phosphate-buffered saline (PBS) (150 mM NaCl, 20 mM phosphate buffer, pH 7.2). Bacteria (at the stationary growth phase) were then resuspended in 500 μl of PBS supplemented with 0.1% Triton X-100. An equivalent volume of glass beads (0.3 mm in diameter) was then added to the suspensions, and cells were broken in a cell homogenizer (Braun Biotech International) by alternating 2-min shaking periods and 2-min cooling intervals (5 cycles). After removal of the glass beads, the suspensions were centrifuged at 4000 x g for 10 min at 4˚C, and the supernatants were used as cellular extract.
Cell-free culture supernatants. GBS cultures were centrifuged, and the supernatants were filtered through a 0.22-μm membrane (Millipore). The cell-free culture supernatants were concentrated 100-fold using a 10,000 molecular weight cut-off Amicon micropartition system (Beverly, MA, USA) (15) . Protein concentration was determined by the method described by Lowry et al (16) , using BSA as standard.
Zymography. Peptidases were assayed and characterized by electrophoresis on 10% SDS-PAGE with 0.1% co-polymerized gelatin as substrate. Gels were loaded with 40 μg of protein per slot. After electrophoresis, at a constant current of 120 V at 4˚C, SDS was removed by incubation with 10 volumes of 1% Triton X-100 for 1 h at room temperature under constant agitation. In order to promote the proteolysis, the gels were incubated for 48 h at 37˚C in the following buffer systems: 10 mM sodium citrate (pH 3.0), 50 mM sodium phosphate buffer (pH 5.5) added to 2 mM DTT and 20 mM glycineNaOH (pH 10.0) in the absence or presence of proteolytic inhibitors (10 mM PMSF, 10 mM PHEN, 10 mM EGTA, 10 mM EDTA, 10 μM pepstatin A and 10 μM E-64). The gels were stained for 2 h with 0.2% Coomassie brilliant blue R-250 in methanol:acetic acid:water (50:10:40) and destained overnight in a solution containing methanol:acetic acid:water (5:10:85), to intensify the digestion halos. The molecular masses of the peptidases were calculated by comparison with the mobility of low molecular mass standards. The gels were dried, scanned and digitally processed (15) .
Cleavage of soluble protein components. Twenty microlitres of the concentrated culture supernatant from GBS strain 90356 was mixed with an equal volume of the following protein substrates: albumin, fibronectin, laminin, type IV collagen and fibrinogen. These proteins were diluted in 20 mM glycine-NaOH (pH 10.0), to obtain a final concentration of 5 μg/ml in the reaction mixture. These preparations were incubated for 16 h at 37˚C, in the absence or presence of proteolytic inhibitors (10 mM PMSF, 10 mM PHEN, 10 μM pepstatin A and 10 μM E-64). Reactions were terminated by freezing the samples, which were kept at -20˚C until their use in further analysis. The reaction mixtures were then added to 10 μl SDS-PAGE sample buffer (125 mM Tris, pH 6.8; 4% SDS; 20% glycerol; 0.002% bromophenol blue) supplemented with 5% ß-mercaptoethanol, followed by boiling at 100˚C for 5 min. The degradation protein profiles were analyzed on 10% SDS-PAGE. Electrophoresis was carried out at 100 V for 90 min at 4˚C, and the gels were stained with Coomassie brilliant blue R-250 in methanol:acetic acid:water (50:10:40) and destained in the same solvent solution. In order to control the possible degradation of the protein substrates, irrespective of GBS proteolytic enzymes, a second aliquot of the concentrated supernatant was heat-inactivated before the substrates were added. In addition, a control for each protein substrate was constructed by replacing concentrated supernatant with the same volume of glycine-NaOH buffer (15) .
Effect of metallopeptidase inhibitors on GBS growth.
The experiments were conducted in 10 x 100-mm glass tubes containing 1 ml of M199 medium. The inoculum consisted of 10% of a 6-h culture of GBS (isolate 90356-CSF) containing 2.0x10 8 cells. EDTA and EGTA were dissolved in water at 100 mM, while PHEN was dissolved in DMSO at 100 mM. All drugs were filter-sterilized. The bacteria were incubated at 37˚C for 1 h, in the absence or presence of the metallopeptidase inhibitors at different concentrations (10, 1.0 and 0.1 mM). Cell growth was estimated by plating and counting the resulting colonies which appeared in the BAB plates containing 5% sheep desfibrinated blood. Untreated and DMSO-treated GBS cultures were carried out in parallel as controls.
Endothelial cell culture. Human umbilical vein endothelial cells (HUVECs) were obtained by treatment of umbilical veins with a 0.1% collagenase IV solution as previously described (17) . Primary cells were seeded into 25 cm 2 bottles coated with porcine skin gelatin, and grown in M199 medium supplemented with 2 mM glutamine, 2.5 μg/ml amphotericin B, 100 μg/ml penicillin, 100 μg/ml gentamycin, 0.13% sodium bicarbonate and 20% FCS. Cells were maintained at 37˚C in a humidified 5% CO 2 atmosphere until they reached confluence. For experiments of interaction with bacteria, cells were maintained without antibiotics, unless otherwise stated.
Epithelial cell culture. A549 is a human type II alveolar epithelial-like lineage and is derived from lung carcinomatous tissue of a human patient, being widely used as a model of infection of respiratory pathogens. The cultures were maintained and grown to confluence in 25 cm 2 culture flasks containing DMEM supplemented with 10% FCS, at 37˚C in a 5% CO 2 atmosphere.
Bacterial binding and intracellular viability assays.
Confluent cultures of HUVECs and A549 cells were allowed to interact with GBS (5x10 7 CFU) treated or not for 1 h with 10 mM EDTA, 10 mM EGTA and 0.1 mM PHEN. For the bacterial binding assays, infected monolayers were rinsed three times with M199, and then lysed in a solution of 0.5 ml of 25 mM Tris, 5 mM EDTA, 150 mM NaCl plus 1% Igepal. The viability of total bacteria (intracellular plus surface adherent) was estimated by plating endothelial lysates and counting the resulting colonies which appeared in the BAB plates containing 5% sheep desfibrinated blood. To measure bacterial internalization, the infected monolayers were incubated for 1 h, rinsed three times with M199 medium, and incubated for an additional 2-h period in M199 containing bactericidal amounts of both gentamycin (100 μg/ml) and penicillin G (5 μg/ml). The number of internalized bacteria was determined as outlined above. The adherence rates were determined as follows: [CFU of total cell-associated (intracellular viable plus surface adherent) GBS -CFU of intracellular GBS] (13).
Statistical analysis.
All the experiments were repeated at least three times. All the conditions were performed in triplicate, and representative images of these experiments are shown. Statistical analysis of data was performed using the Student's t-test version EPI-INFO 6.04 (Database and Statistics Program for Public Health) computer software. P≤0.05 was considered statistically significant.
Results and Discussion
Bacterial peptidases have diverse functions in pathogenesis. Peptidases can benefit the invading microbe by liberating nutrients from the host or by promoting disease through direct destruction of host tissues (18) . Several peptidases activate host zymogens, such as plasminogen, kininogens, matrix metallopeptidases and proenzymes of the clotting system (19) . Some of the peptidases inactivate host-defense proteins, such as immunoglobulins, components of the complement system and antimicrobial peptides (20) , whereas others are required for intracellular survival in macrophages and for adherence to or uptake into host cells (21) . Table I . Characteristics of the GBS strains used in this study. 
AMP, ampicillin; CEF, ceftazidima; CLI, clindamycin; ERI, eritromicin; IMI, imipenem; NOR, norfloxacin; PEN, penicillin; SUL, sulfametoxazol/trimetoprim; TET, tetracyclin; VAN, vancomycin.
-
GBS expresses a variety of extracellular products, which are implicated in virulence. Among these are the capsular polysaccharide, surface proteins and secreted proteins. In this study, we identified cell-associated and released proteolytic profiles generated by GBS strain 90356 isolated from cerebrospinal fluid. Since culture conditions could modulate the synthesis of bioactive molecules in microorganisms, we cultured GBS strains in two distinct media: BHI and M199. Our results showed that, in GBS cultures grown in M199, the extracellular proteolytic profile was composed of three gelatinolytic activities ranging from 180 to 220 kDa, whereas the cellular proteolytic profile was composed of a single peptidase of 200 kDa (Fig. 1, upper panel) . The same profile was identified in samples from GBS grown in BHI (data not shown). Thus, we chose GBS strain 90356 grown in M199 medium to carry out further experiments.
As is well known, some enzymes could be inactivated by SDS-PAGE. Thus, the three proteolytic enzymes observed on the zymograms might represent only a subset of the peptidases produced by GBS. The effect of pH on the peptidase activity was determined. Under the employed conditions, the proteolytic enzymes were active in an alkaline value of pH 10.0 (Fig. 1, upper panel) . Conversely, no proteolytic activity was observed in acidic conditions (pH 3.0 and 5.5) (data not shown). Proteolytic enzymes can be classified into four major groups as aspartic, cysteine, metallo-and serine peptidases, depending on the nature of the active site. Selective proteolytic inhibitors can be used to distinguish among these classes of peptidases. The peptidases synthesized by GBS strain 90356 had their activities completely inhibited by EGTA and PHEN, two powerful metallopeptidase inhibitors (Fig. 1, upper panel) . On the other hand, serine (PMSF), cysteine (E-64) and aspartic (pepstatin A) proteolytic inhibitors did not alter the behavior of the peptidases (data not shown). Collectively, these results strongly suggest that the peptidases produced by GBS belong to the metallopeptidase class. Notably, an additional GBS strain (80340-serotype III) isolated from the vagina and another serotype of human importance (90186-serotype V) isolated from the blood (Table I ) produced similar metallopeptidase profiles under the same growth conditions (Fig. 1,  lower panel) , suggesting that the production of metallo-type peptidases is a common feature of GBS species instead of being strain-specific. Thus, we elected GBS strain 90356 to perform the subsequent assays, since this clinical sample was used by our group in different ways in order to better characterize GBS physiology (22, 23) .
Alkaline metallopeptidases produced by human pathogenic microorganisms show a wide variety of pathological actions. In local infections, metallopeptidases cause necrotic or hemorrhagic tissue damage through digestion of structural components of the ground substance, and also form edematous lesions through the generation of inflammatory mediators; whereas in systemic infections, they act as a synergistic virulence factor through disordered proteolysis of many plasma proteins (24, 25) .
In order to obtain more information on the metallo-type peptidases produced by GBS, we tested their ability to hydrolyze a broad spectrum of protein substrates. In this context, we incubated the cell-free culture supernatant, rich in metallopeptidases, with important host serum proteins and extracellular matrix components. Our results showed that albumin, fibrinogen, laminin, fibronectin and type IV collagen were efficiently cleaved, generating a number of polypeptide bands of low molecular mass (Fig. 2, upper panel) . In fact, the cleavage of key host components of the extracellular matrix by GBS may be a relevant factor in the process of bacterial dissemination and/or invasion. To determine the nature of the cleaving of these soluble proteins by the GBS peptidase, we incubated the culture supernatant in the presence of inhibitors of the four major peptidase classes. Addition of the metallopeptidase inhibitor PHEN completely inhibited these cleavages (data not shown). E-64, pepstatin A and PMSF did not alter the cleavage behavior of these soluble proteinaceous substrates (data not shown). Albumin hydrolysis in the presence or in the absence of proteolytic inhibitors is shown as a representative result of the previous set of experiments (Fig. 2, lower panel) .
Previous studies show that metallopeptidases are involved in several metabolic pathways in different cellular types Figure 1 . Proteolytic profiles detected in GBS cellular extract and in cellularfree culture supernatant obtained after culturing GBS 90356 strain (serotype III) in M199 medium for 16 to 18 h at 37˚C (upper panel). The proteolytic activities were evidenced after zymographic analysis in gelatin SDS-PAGE, in which the gel strips were incubated for 48 h at 37˚C in 20 mM glycineNaOH, pH 10.0, in the absence (control) or in the presence of the following metallopeptidase inhibitors at 10 mM: EDTA, EGTA or PHEN. The lower panel shows the cellular and the extracellular peptidases detected in two additional GBS clinical isolates: 80340 (serotype III) and 90186 (serotype V). The numbers indicate the apparent molecular masses of the peptidases expressed in kilodaltons. (15, 24) . For this reason, we decided to investigate the possible involvement of metallopeptidases on the cellular development of GBS. Initially, three distinct metallopeptidase inhibitors (EDTA, EGTA and PHEN) were added to replicating GBS as a single dose (10 mM) (15) and incubated at room temperature for 1 h. Then, the bacterial suspensions were washed and plated on solid medium to measure the CFU. Our results showed that EDTA and EGTA, at the concentration used herein, did not affect GBS growth (Fig. 3) . On the other hand, PHEN robustly inhibited GBS growth by ~95% (Fig. 3) . The drastic reduction of GBS development induced by PHEN was concentration dependent (Fig. 3) . A comparable inhibition profile was observed when GBS strain 90186 was treated with the three metallopeptidase inhibitors (data not shown). DMSO, at the concentration used as a proteolytic inhibitor diluent, did not interfere with bacterial growth behavior (data not shown). PHEN and substituted derivatives, both in the metal-free state and as ligands co-ordinated to transition metals, disturb the functioning of a wide variety of biological systems (26) . The in vitro antibacterial action of PHEN has been demonstrated on several species of bacteria, presenting bactericidal action towards many Gram-positive bacteria (27) . Presumably, metallopeptidases assist GBS in deriving essential nutrients from human proteins, in maintaining GBS metabolic machinery and physiological processes such as cellular growth. However, PHEN could affect other metaldependent biological processes besides the activity of metallopeptidases, since this drug is a cell-permeable chelator.
Passage of GBS from the vaginal or intestinal mucosa to the amniotic fluid within the placenta or to the blood and meninges of a neonate is poorly defined. However, it is widely accepted that the organism must traverse several mucosal membrane barriers along the way. Although GBS does not replicate within respiratory epithelial cells, their ability to enter and survive in these cells and in macrophages (28) may be a mechanism by which they can cross mucosal membranes (1). Gibson et al (29) reported that GBS is able to invade lung endothelium in vitro and suggested that the ability of GBS to breach the endothelial barrier could provide a means for gaining access to vascular spaces or for entering interstitial spaces from the vascular compartment. Strains from invasive infections of infants are internalized by epithelial cells more effectively than from those from age-matched healthy controls (30) , suggesting that invasion of epithelial cells significantly influences the pathogenesis of GBS. Winram et al (6) demonstrated that GBS can invade the chorionic epithelium and suggested that this could result in inflammatory damage to the amniotic membrane permitting streptococci to invade the amniotic fluid with subsequent infection of the fetus.
In our study, GBS strain 90356 adhered and invaded more efficiently to HUVECs than to the A549 epithelial cell line (Fig. 4) . The difference in adherence between HUVECs and A549 cells reveals that GBS surface-bound proteins interact differently with cellular receptors. Using the HUVEC model, the adhesive property of strain 90356 was significantly inhibited by ~83% (P<0.001) and 93% (P<0.001), respectively, after treatment with 10 mM EGTA and 0.1 mM PHEN (Fig. 4) , while 10 mM EDTA did not alter (P>0.05) the adhesion between GBS and HUVECs (Fig. 4) . Curiously, PHEN also strongly reduced (82%) the intracellular viability of GBS in HUVECs (Fig. 4) . A distinct pattern of interaction was observed between GBS and A549 cells (Fig. 4) . In this context, PHEN slightly diminished the adhesion, whereas EDTA, EGTA and PHEN completely abolished the invasion process (Fig. 4) . While GBS adheres to and invades HUVECs, the specific GBS factors that contribute to this process are only beginning to be elucidated. Proper anchoring of lipoteichoic acid on the GBS surface facilitates endothelial invasion, while the pore-forming hemolysin/cytolysin is cytolytic for human brain microvascular endothelial cells (hBMECs); each factor promotes blood-brain barrier penetration and lethality in a mouse model of hematogenous meningitis (31) . A recent study also demonstrated that GBS fibrinogen-binding protein FbsA contributes to hBMEC adherence and invasion in vitro (32) . Analysis of the NEM316 genome (a strain isolated from a case of fatal septicemia, serotype III) identified 71 secreted proteins, some of which are already known to contribute to pathogenesis (33) . Most interestingly, the authors identified genes coding for yet uncharacterized putative secreted virulence factors such as two fibronectin-binding proteins (gbs1263, gbs0850) and a neuraminidase (gbs1919). The gbs1919 is highly similar (75% similarity) to NanA of Streptococcus pneumoniae, an enzyme contributing to bacterial colonization and persistence in the nasopharynx and middle ear (34) .
Our experiments do not eliminate the possibility that the identified metallopeptidases bind directly to endothelial cells via some unknown receptor, since PHEN inhibited the binding to endothelial and epithelial cells, but this activity would probably be overshadowed by the activity of another unidentified adhesin under these experimental conditions. Another explanation is that inactivation of peptidase activity protects another adhesin, which is normally cleaved in wildtype streptococci, or that conformational changes induced by the deletion exposed another adhesin. Interaction of these peptidases with either matrix fibronectin or an unidentified receptor could promote cytoskeletal changes that lead to ingestion of streptococci. Extracellular matrix proteins that serve as substrates for bacterial adherence include fibronectin, collagens, laminin, thrombospondin and integrins (35) . These interactions may be particularly important for bacterial colonization of damaged tissues. GBS was previously shown to adhere to immobilized fibronectin, laminin and cytokeratin 8 (11, 36) . The importance of these interactions for adherence/ invasion to endothelial/epithelial cells was not investigated. However, our results showed that GBS metallopeptidases degraded some of these extracellular matrix components. Further investigation is warranted in order to develop new strategies for treatment, not only of severe invasive GBS infections, but also of other bacterial diseases whose pathogenesis may involve endogenous and microbial peptidases. In this context, future studies are underway in our laboratory to determine the in vivo activities of the GBS peptidases and their mechanisms of regulation.
